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Abstract 
 
The surveying profession, along with the wider spatial science industry are currently areas of very high 
demand and continual evolvement. Continuously Operating Reference Stations (CORS) are one of the 
most useful and heavily exploited tools within the spatial industry. CORS support the ever-increasing 
requirements of accuracy, whilst making works more efficient, not only in surveying but also numerous 
other industries.  
 
During the continued use of equipment, it is inevitable that discontinuities, errors or failures occur, 
CORS are not immune to these. Recently network operators have experienced a higher than normal 
failure rate of equipment, leading to numerous CORS sites receiving equipment replacement. Currently 
the subject matter experts within Australia are Geoscience Australia, who investigate CORS data on a 
case by case basis through manual analysis.  
 
The literature review performed found that only a very limited number of papers investigate the analysis 
of discontinuities within CORS, even more so specifically the analysis of data where a discontinuity 
had not been identified. This project aimed to determine if the change of equipment at a CORS site had 
any adverse effects to the data being recorded, if different monumentations styles could be classed with 
positional uncertainties, and also the possibility of automating the detection of any CORS 
discontinuities. 
 
Through the use of five subject CORS sites where known events had occurred, commercial survey 
software was used to produce numerous plots for analysis. The first major finding of the analysis was 
that all of the sites which experienced a change of antenna, had their north orientation changed, one of 
which by approximately 150°. A change in Signal to Noise Ratio (SNR) was also evident at multiple 
stations, the most interesting case involving the removal of vegetation from the antenna. Another was 
that the positional uncertainty of stations remained fairly stable, even though some stations coordinates 
were significantly displaced by the events. It was also found that precise navigation files sourced from 
the International GNSS Service, contained errors leading to the complete deterioration of CORS data. 
 
The benefits of this project are that it continues to expand the limited number of resources available 
relating to the operation of CORS, specifically the identification of discontinuities. It shows that even 
through the use of commercial software the positive identification of irregularities in data is possible. 
This may allow network operators and future research to formulate automated and remote monitoring 
of stations. 
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Chapter 1 – Introduction 
 
1.1 Problem Statement 
 
With approximately 1,500 registered surveyors in Queensland and that number only dwindling, the 
need for a high accuracy, up to date Global Navigation Satellite System (GNSS) Continuously 
Operating Reference Stations (CORS) is paramount to support the surveying profession. The necessity 
to be more accurate yet work efficiently is becoming one of the most controlling factors in the industry. 
The CORS network is not restricted to use within surveying as other industries utilise it regularly also, 
these may include machine control, construction, asset management, precision agriculture and many 
others. 
 
Established in 2001 the SunPOZ network operated and maintained by the Department of Natural 
Resources Mines and Energy (DNRME), is a correction service and has been providing Queensland 
with GNSS positioning data since its formation. The network not only provides for Queensland, but is 
a vital part of the greater AUSCORS network. The network uses the Virtual Reference Station (VRS) 
system developed by Trimble and therefore also uses Trimble hardware at multiple locations, this 
includes antennas and receivers. During their operation it is inevitable that equipment will fail, however 
recently a large number of antennas failed unexpectedly leading to multiple stations requiring new 
equipment. Currently the data captured is only analysed on a case by case basis through manual 
investigation by Geoscience Australia (GA) to determine if any large variations to the stations position 
have occurred after interference incidents. 
 
Another unknown, is in relation to the receivers being used in the network. The first aspect is if an entire 
receiver unit is changed to a new unit and if this affects the resulting data being recorded. The second 
aspect is if changing or updating the firmware within a receiver alters the data being captured in any 
way. 
 
To ensure the accuracy of data captured the construction of CORS stations differs greatly between 
locations, the Intergovernmental Committee on Surveying and Mapping (ICSM) details the construction 
requirements for these stations within Special Publication 1. However, there are three tiers of accuracy 
with different monumentation designs used within each tier. This may lead to different data accuracies 
being achieved by each style of construction rather than simply the tier of station. If an end user utilises 
CORS infrastructure for tasks which require a minimum accuracy, they may inadvertently utilise 
stations that may not be able to provide such precision. 
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1.2 Aims and Objectives 
 
As Australia’s CORS network is being utilised more every day, there needs to be a deeper understanding 
of its true reliability, accuracy and repeatability for any measurement taken utilising its infrastructure. 
 
Throughout this project research, analytical and field investigation techniques will be utilised to achieve 
the following: 
• Determine if the change or alteration of a GNSS antenna does affect the accuracy of data being 
recorded, through comparison of pre and post event data. 
• Determine if a change of receiver affects the recoded data in any way. 
• Determine if changing the firmware within a receiver makes any changes to the data being 
recorded. 
• Investigate if different station constructions within the same tier of quality result in the same 
data accuracies. 
• Identify methods of detection other than manual analysis of data. 
 
1.3 Outcomes and Benefits 
 
This project will not only be of benefit to the operators of the Australian CORS networks but also to 
anybody who may utilise these networks for any purpose. It is expected that this project will produce 
information that will support and assist operators in the detection and adjustment of errors that may be 
present at reference stations. This in turn will allow users of the network to be confident they are being 
provided a correct robust positioning solution. 
 
The outcomes for this project will include: 
• Development of analysis methods to determine if changing equipment has any effects to the 
positional data being supplied to customers. 
• Development of methods to analyse if changing firmware installed onboard equipment 
displaces its recorded position. 
• Produce methods of assessment to reduce the amount of physical man hours in the identification 
of any discontinuities. 
• Allow positional uncertainties to be placed on marks positioned using different CORS sites. 
• Quality indicators for different CORS stations may be developed  
 
The benefit of these outcomes will be experienced by both the network operators and also their 
customers who will receive higher accuracy data.
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1.4 Justification 
 
With the ever-increasing demand for surveys, alongside the dwindling number of survey professionals, 
understanding the true accuracies achievable using a CORS network is paramount. Not only do CORS 
networks influence the field of surveying, they also play a large role in many others which require high 
precision positioning. In the surveying profession CORS networks are utilised for a variety of tasks, 
ranging from basic geographic information system (GIS) mapping through to survey grade GNSS 
positioning, which enables sub centimetre accuracy in certain circumstances. 
 
As the utilisation of CORS networks increases into the future new uses will inevitably be developed, 
however to support their current and continual exploitation, operators and users must understand their 
reliability. It is predicted that if a standardised and coordinated approach for CORS in Australia were 
to be followed, it would potentially provide benefits of over $58 billion to the economy (Rizos et al. 
2012). By having good knowledge of the capabilities of CORS networks, users are able to make 
informed decisions about the appropriateness of data they may utilise for any activities.
 
1.5 Overview of Dissertation 
 
The following provides a brief overview of each chapter within this dissertation, outlining what their 
purpose is and comments on their content. 
 
Chapter 2 – Is a literature review, which details any past, current and similar research conducted relating 
to CORS discontinuities. This review was conducted by researching background 
information relating to CORS setup and continual operation, while also performing critical 
analysis on any relevant sources. 
 
Chapter 3 – Describes the methodologies which were utilised to examine the raw data and also how the 
results were analysed to determine if any discontinuities occurred. 
 
Chapter 4 – Contains the results and analysis discovered from the investigations. 
 
Chapter 5 – Is a discussion of the results achieved and any recommendations regarding the operating or 
use of CORS networks. 
 
Chapter 6 – Contains all conclusions which have been drawn from this research project and also any 
recommendations for further research. 
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To completely understand and ascertain the required level of knowledge for this project the literature 
review was divided into subsections, focusing on particular areas of CORS network management or 
utilisation. By separating the research conducted into focused fields it has allowed a better 
comprehension of the various factors which play part in causing discontinuities within CORS data. This 
chapter focuses on analysing various sources of information regarding CORS infrastructure, operation 
and data. By reviewing this literature, the requirements to properly analyse CORS should be fully 
understood, this will allow the results presented in Chapter 4 to be interpreted correctly. 
 
This literature review will look at the following topics: 
• History of CORS and background information. 
• Standards of CORS operation. 
• Monumentation of CORS stations. 
• Discontinuities in CORS data. 
• Time series analysis of CORS data. 
 
2.2 History and Background Information 
 
The first implementation of CORS networks can be traced back to the National Oceanic and 
Atmospheric Administration’s (NOAA) National Geodetic Survey (NGS) during the 1980’s. With the 
ever growing implementation of Global Positioning Satellite System (GPS) the NGS recognised its 
potential for application in field operations (Snay & Soler 2008). CORS within Australia have been 
implemented by many different organisations, the main groups being Geoscience Australia, state 
government departments and also private operators (Ruddick & McClusky 2019).  
 
The NOAA NGS from the United States of America quickly acknowledged the true accuracy of CORS 
positioning. Identifying that traditional optical surveying methods are able to produce positional 
accuracies of coordinates at approximately 1:250,000, while GPS was more than capable of producing 
coordinate accuracies of well over 1:1,000,000 (Snay & Soler 2008). 
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The DNRME first launched CORS infrastructure in Queensland in 2001 with a pilot network operating 
between the Gold Coast and Caboolture for testing purposes, evolving into the current SunPOZ network 
(Cislowski et al. 2006). The Australian Government then formed the National Collaborative Research 
Infrastructure Strategy (NCRIS) in 2004 which aimed to greatly improve Australia’s research abilities 
and perform at a world class level. Through the implementation of the NCRIS and the ever-evolving 
use of GNSS CORS, AuScope was formed and tasked with installing 70 CORS stations nation-wide 
beginning in 2007 (Janssen 2009).  
 
With the first AusCORS site being established in September 2008 and exceeding 70 stations by the end 
of 2013 Australia has continued to be a global leader in the installation and availability of GNSS CORS, 
Figure 1 - GA AusCORS Site Locations (Geoscience Australia 2019b) displays the location of all 
CORS sites within Australia used in the AusCORS network.. The construction and installation style of 
CORS sites hinges greatly on what its intended use will be. Stations that are being established to be 
used as part of global operations are vastly different from state or privately installed CORS. Tier 1 
stations must be very stable and are therefore usually installed where their structure is integrated into 
bedrock, so that very accurate measurement of the tectonic plate can be made. On the other end of the 
spectrum Tier 3 stations are normally used for positioning purposes and do not need to be as accurate. 
The most common installation of these is through the attachment to a stable structure such as a 
multistorey building (Burns & Sarib 2010). 
 
Site selection for the installation of a CORS station is a very important factor for not only accuracy, but 
also security and interference. The reasoning behind the location of stations considers many variables, 
accessibility is a prime example where good access is required for installation and upkeep however 
vandalism or external human interaction needs to be kept to a minimum. Other important factors include 
clear sky view, fire & flood resilience, minimal multipath and also animal proofing (Janssen 2009). 
Figure 1 - GA AusCORS Site Locations (Geoscience Australia 2019b) 
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It is widely understood that if CORS infrastructure is well established with 50 – 70 km between stations 
then accuracies of ±2cm is achievable at one standard deviation of uncertainty. This inter station 
distance is relatively small in comparison to the land area of Australia, which has led to more CORS 
stations being placed closer to activity centres, rather than at regular intervals country wide. While the 
majority of stations are owned by the state and federal governments there are also private networks 
operating primarily to provide customers with positioning corrections for commercial purposes 
(Hausler & Collier 2013). 
 
With the primary purpose of CORS stations in Australia being geodetic science there are many facets 
that the data captured may be used for. Crustal motion is the monitoring of the movement of the earth’s 
tectonic plates (Snay & Soler 2008). It is well documented that the Australian Plate is moving at an 
approximate rate of 7cm per year in a north easterly direction and it is only through CORS stations that 
this can be accurately modelled and measured. A second common use for CORS networks is the 
measurement of sea level changes, this is done by monitoring the crustal movement of stations close to 
tide gauges. The tide gauge data is then incorporated with the CORS data to determine an absolute 
change in the water level. At that specific location. Other uses include many atmospheric studies and 
even the positioning of airborne systems such as aircraft and UAVs (Roberts et al. 2004). 
 
The primary challenge of operating and maintaining a CORS networks in Australia is the vast areas 
they must cover (Zhang et al. 2006). With a majority of CORS stations in Queensland only conforming 
to ICSM Tier 3 standards the operation of higher tier stations is vital to ensure accurate data is recorded 
throughout the nation
 
2.3 Standards of CORS Operation 
 
With the rapid expansion of CORS networks over the past decade, it is important that they are all able 
to provide accurate and reliable data to users. To ensure uniform operation of CORS many nations have 
formed guidelines for operation, within Australia and New Zealand this is one of the many tasks of the 
ICSM. Currently ICSM provides the standards for CORS stations within Australia, these were formed 
Geodesy Technical Sub-Committee based on the guidance of other international studies. The guidelines 
have provisions for three separate tiers of positional accuracy, Tier 1 being able to assist and contribute 
in global geodesy ventures, Tier 2 are primarily used for national geodetic monitoring, while Tier 3 are 
generally state and private networks most commonly used for real-time kinematic surveys (Burns & 
Sarib 2010).  
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The Guideline for Continuously Operating Reference Stations forms part of the larger ICSM Special 
Publication 1, which outlines the recommended methods for many positioning practices. With CORS 
stations being utilised for a wide variety of tasks the recommendations put forward by ICSM also 
encompass guidelines from ultra-high accuracy networks such as the International GNSS Service (IGS) 
(Intergovernmental Committee on Surveying and Mapping 2014). Appendix B is the summary table for 
CORS tiers within Australia and New Zealand, covering all of the aspects relevant to the installation 
and continual management of stations. As seen in the table the requirements for tiers 1 and 2 are virtually 
identical, their differentiation is simply if they are included within a global network, or solely for use 
within Australia and New Zealand (Burns 2019). 
 
The guidelines aim to outline as many factors as possible which affect CORS operation, these include: 




• Derivation of station coordinates 
• Power supply 
• Communications equipment 
• Data output and access 
• Stability of stations 
• Reliability 
• Additional environmental sensors 
 
They also outline other factors such as the typical recommended separation of CORS stations are 500 
to 1500km for tier 1, 80 to 500km for tier 2 and 20 to 80km for tier 3. Network management is similarly 
presented for example, higher tiered CORS are more than suitable for use in place of lower tier stations 
removing the need for multiple sites within a close proximity (Intergovernmental Committee on 
Surveying and Mapping 2014). By providing all of these recommendations, the ICSM has ensured that 
there is a minimum standard to which CORS must adhere for certain applications, while also achieving 
those of other international organisations if needed for global ventures (Burns & Sarib 2010). 
 
Within Australia CORS station coordinates are confirmed by GA (under the National Measurement 
Act) through the means of a Regulation 13 Certificate. These certificates are legal documents specifying 
the coordinates of a station and also any uncertainties of that coordinate (Geoscience Australia 2019c). 
Valid for a period of five years the certificates are normally requested by network operators to provide 
their clients with an accurate connection to the Geocentric Datum of Australia (GDA2020). 
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2.4 Monumentation of CORS 
 
The monumentation of CORS stations, although constrained in Australia and New Zealand by ICSM 
guidelines, come in multiple different physical construction styles. The main characteristic in designing 
or choosing a type of monument for CORS establishment are its stability and structural longevity over 
many years of operation (International GNSS Service 2017). The most common styles of monument 
found within Australia for tiers 1 and 2 are reinforced concrete pillars and braced deep driven rods, both 
of these styles are used to ensure maximum stability. Tier 3 stations usually utilise building mounts for 
operation due to the ease of installation and low cost. 
 
The basic design styles and principals used within Australia are mainly adapted or modified varieties 
of those found internationally from sources such as IGS and University NAVSTAR Consortium 
(UNAVCO) (Burns 2019). Concrete pillar monuments although varying in design generally consist of 
a steel reinforced concrete pillar, mated to either bedrock or a large reinforced concrete foundation. 
Figure 2 shows two examples of the above ground section of concrete pillar monuments, fixed to the 
top of the pillar is generally an adjustable threaded mount for universal antenna attachment and 
levelling. 
 
Figure 2 - CORS Concrete Pillar Monuments 
(Intergovernmental Committee on Surveying and 
Mapping 2014) 
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Concrete pillar monuments are considered to be of medium to high stability, this is due to the many 
variations possible in their design. The major downfalls of pillar monuments are the degradation of 
concrete due to weathering and the settling of the large structure mass when constructed on 
unconsolidated materials such as soil (UNAVCO 2010). The advantages of using pillar monuments are 
the ability to adjust the design based on the installation location, they are relatively inexpensive due to 
utilising common building materials and therefore are also relatively easy to construct (International 
GNSS Service 2017). Pillar monuments usually cost in the region of $500 to $2000 (excluding GNSS 
equipment) and normally take one to three days to construct with a team of two or three people 
(UNAVCO 2010). 
 
Braced monuments such as those shown in Figure 3, are considered to be of high station stability due 
to their strong integration into substrate material at CORS sites. The sites are constructed using three or 
four pieced of steel rod which is then driven in to the site material to depths between 2m and 12m 
depending on the availability of bedrock and site accessibility, to form a tripod (UNAVCO 2011). This 
style of monument has two distinctly different designs, consisting of either drilled or driven braces. Due 
to the lightweight nature of braced monuments, they posses a very small thermal mass minimising 
thermal expansion and also have low multipath signal interference due to their small structure surface 
area (International GNSS Service 2017). One of the only pitfalls for drilled braced monuments is the 
accessibility to site, as drilled braced monuments usually require a drilling vehicle, whereas driven 
braced monuments the rods are simply driven to refusal without the need for drilling (Burns 2019).  
 
  
Figure 3 - CORS Braced Monuments (UNAVCO 2011) 
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Braced monument installation can take two to four people anywhere from one to four days depending 
on the design being utilised and the location of the site. Most braced designs cost in the region of $800 
up to $15000, with the pivotal factor of cost being the need to utilise drilling services and hence such a 
wide variation (UNAVCO 2011). 
 
The lowest cost and least stable monuments commonly used in Australia are building mounted 
antennas, these are only suitable for tier 3 operation. Generally consisting of a bracket or plate, which 
is fixed to a building’s roof, and a short mast to which the GNSS antenna is attached. Figure 4 shows 
two different examples of building mounted CORS, however they are normally unique to their 
installation and therefore come in many different configurations (UNAVCO 2018). The IGS provide 
multiple recommendations when using building mounted CORS, focusing on their instability, one 
example is their exclusion from geodetic practices or if unavoidable other instrumentation should be 
used to track their stability (International GNSS Service 2017). Building mounted CORS within 
Australia however are mainly utilised for consumer positioning services such as HxGN SmartNet, VRS 
Now and All Day RTK with limited if any use for geodetic purposes. 
 
 
Due to the existing infrastructure building monuments can be implemented by one person in under one 
day, normally costing under $500 as ancillary equipment is housed inside the building (UNAVCO 
2018). Other monument styles are employed globally, however it is very uncommon for them to be 
used in Australia. One example is a mast monument, commonly utilised in areas of high snowfall to 
keep the antenna clear of obstruction, one variation of these utilises permafrost as a foundation to ensure 
high stability. Every CORS site possesses unique installation requirements, and therefore the most 
appropriate style of monumentation is chosen to ensure an accuracy relative to its use is achieved. 
Figure 4 - Building Mounted CORS (UNAVCO 2018) 
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The selection of equipment to be utilised at CORS sites is also a major consideration for operators. 
Forming part of the ICSM Special Publication 1, Guideline for Continuously Operating Reference 
Stations, are minimum capability requirements for hardware installed at CORS sites. The document 
outlines all of the minimum standards that the GNSS equipment must have (Intergovernmental 
Committee on Surveying and Mapping 2014). Appendix C details the requirements for GNSS receivers, 
while Appendix D does so for GNSS antennas, and Appendix E for antenna cables. These minimum 
standards are required across all tiers of CORS to ensure the data being captured is as uniform as 
possible across the country (Ruddick & McClusky 2019). To further support the operation of networks 
it is a requirement to have meteorological equipment also installed at all Tier 1 and 2 CORS. These 
sensors are required to have temperature measurement of ±1°C or better, pressure measurement of 
±0.5hPa or better and relative humidity measurement of ±2% or better (Intergovernmental Committee 
on Surveying and Mapping 2014). By collecting meteorological data, a better understanding if the 
CORS environment is known, it helps to improve GNSS processing and is also able to be used for other 
purposes such as weather forecast models. 
 
In their current state CORS networks around Australia are using equipment produced by a variety of 
manufacturers. The two main brands of GNSS products being operated are Trimble and Leica 
Geosystems, however numerous others such as Topcon, Septentrio, NovAtel and more are also 
implemented (Geoscience Australia 2019a). Due to most CORS stations in Australia being owned and 
run by either state or federal government, this has led to a large majority of equipment being purchased 
from only select manufacturers due to internal purchasing agreements (Burns 2019). 
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2.5 Discontinuities in CORS Data 
 
Discontinuities in CORS data are caused by a variety of factors, from both intentional human interaction 
and also random events. Discontinuities in the data are apparent in multiple forms, most commonly 
noise, offsets and gaps. Currently GA categorises events which occur into two categories the first being 
all changes to equipment at a station or the data collected by CORS, the second is any event which 
occurs outside of the control of network operators (Hu 2019).  
 
Scheduled and required equipment changes by network operators are inevitable. The need to maintain 
and replace equipment if damaged is paramount to ensue the positional data recorded is true and reliable. 
Some intentional modification that may affect CORS data include changing the antenna, radome, 
receiver, cabling and even firmware (Hu 2019). An operation as simple as removing an antenna from 
its monument then remounting it is considered a discontinuity as it may introduce a change in the data 
being recorded (Burns 2019). Events outside of network operator control which can cause 
discontinuities include human, flora and fauna interaction with equipment and also geophysical events. 
 
Events which involve human interaction are normally malicious or non-intentional damage to 
equipment at CORS sites. While animal and flora interaction which causes discontinuities, can be as 
simple as a bird landing on the antenna or plant material growing over an antenna causing loss of signal 
from satellites (Ruddick & McClusky 2019). Geophysical events are also capable of inducing errors in 
CORS data, incidents such as earthquakes, post-seismic events or even changes in local hydrology may 
induce discontinuities. Due to the vast amount of human interaction with data recoded by CORS, it is 
inevitable that mistakes are made through human error whilst handling files, in some cases this is able 
to offset the position of coordinates recorded (Hu 2019). 
 
2.6 Time Series Analysis 
 
The main method of detection for any CORS discontinuity is through the development and investigation 
of a time series for a station’s position. By having long temporal data sets of CORS stations coordinates 
the ability to detect any discontinuities is possible. Discontinuities usually appear as offsets (jumps) and 
gaps in time series produces, such as the offset seen in Figure 5 and gap seen in Figure 6. 
 
The most common method of time series production is through the use of computer software, which 
plots the three dimensions of movement against time so that any trends may be visualised. The data 
used to create these plots must not me modified in any way so that a true representation of the satiations 
movement can be seen (Ruddick & McClusky 2019).  
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Currently GA manually analyses all of the CORS within Australia, this is mainly due to the fact that no 
automated method has been successful in detecting all discontinuities correctly. Many attempts have 
been made to automate detection, one example is the Detection of Offsets in GPS Experiment (DOGEx) 
which had multiple experts analyse synthetic data (Gazeaux et al. 2013). This particular experiment had 
22 different software or other automated analysis methods used, however none were able to consistently 
achieve the same results as manual identification.
Figure 5 - Gatton (GATT) Vertical Position Time Series Offset (Geoscience Australia 2019a) 
Figure 6 - Caboolture (CBLT) Northing Position Time Series Gap (Geoscience Australia 2019a) 
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This chapter aims to discuss and define the methods and techniques utilised to analyse CORS data to 
determine if any discontinuities have occurred. Other aspects such as equipment, planning and quality 
control are also identified. 
 
The successful identification of any anomalies within temporal CORS data is not only useful for 
network operators, but also for those who utilise CORS infrastructure for any reason. The stability and 
reliability of CORS infrastructure and the data it provides is not extensively understood by a large 
majority of its users. For this very reason it is of utmost importance that any issues which occur are 
detected and rectified as soon as possible, so that there is as little impact as possible on users and 
operators. 
 
To discern if positive error identification was possible CORS site data was collected from multiple 
sources to be analysed for discontinuities relating to changes in equipment, data and other disruptions. 
This was able to be completed through the processing of data to form time series analysis of the three-
dimensional coordinates of CORS stations and other graphical plots of information recorded by CORS 
sites. By employing methods found in literature and also formulating other methods, the detection of 
discontinuities was able to be achieved. 
 
3.2 Current Users & Subject Matter Experts 
 
Not only surveyors, but also GIS consultants, engineers and the greater public who collect or use GNSS 
data for positioning are able to greatly improve the precision of their precision through the use of CORS 
infrastructure and networks. Although there are copious uses for CORS, the most prolific within 
Australia is commercial positioning and scientific applications. There are three prominent commercial 
operators of CORS networks within Australia. The first of these is Ultimate Positioning Group who are 
the national dealers for the Trimble VRS Now network, the second is C.R.Kennedy & Company Survey 
Solutions who are the Australian dealers for licences to HxGN SmartNet and finally Position Partners, 
who own and operate AllDayRTK. 
 
The most knowledgeable groups in relation to the subject matter of CORS tends to be government 
organisations and departments. Within Australia, the overarching agency for spatial matters is 
Geoscience Australia, while each state or territory normally also has their own government department 
who specialise in positioning, within Queensland this is the DNRME.  
Page | 24  
Joshua Egan ERP2019  
 
3.3 CORS Site Selection 
 
CORS station are located all over the globe, with Australia alone having several hundred. For this 
project, only sites within Australia were interrogated, due to limited time and resources. The selection 
of CORS stations occurred by selecting sites where GA knew a discontinuity had occurred, the data 
could then be analysed to ensure identification of errors was correct. Following the correct identification 
of known discontinuities, an external source confirmed them through a list of stations with known 
events. The actual event specifics however, were not known by the researcher, this was utilised to see 
if correct identification of a discontinuity source is possible.  
 
The focus CORS sites used for investigation in this project were: Beenleigh SunPOZ (BEE2), Gatton 
SunPOZ (GATT), Inverell Conrsnet-NSW (INVL), Mitchell ARGN GA (MCHL) and Weipa (WEIP). 
The use of other CORS stations was also required, so that a comparison between the focus sites and 
stable sites’ data may be achieved, see Appendix F for a complete list of stations utilised. For each of 
the focus sites one or more stable CORS stations were identified and used to make comparisons 
between. It was also vital that both pre and post event data was available, not only at the subject sites 
but also at the stable sites. 
 
3.3.1 Beenleigh SunPOZ (BEE2) 
 
Beenleigh CORS, otherwise known by its station code BEE2 is located in the suburb of Beenleigh 
Queensland 4207, PSM753165. Located atop the Queensland Fire and Emergency Services South East 
Region headquarters, the station has consisted solely of Trimble GNSS equipment for its entire lifetime, 
along with other ancillary gear to provide backhaul of data to GA. The antenna is mounted on a steel 
bracket, which is attached to a concrete wall of the building, and this alone restricts the station to being 
of Tier 3 standards. The antenna is attached to the bracket through the use of the standard 5/8” threaded 
bolt, while the bracket is secured to the wall with 6mm Dynabolts. Figure 7 shows the installation and 
location of the antenna on the building. 
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Figure 7 - Beenleigh (BEE2) antenna monument and installation location (Burns, 2019) 
 
Forming part of the APREF, BEE2 has been analysed by GA and provided with a Regulation 13 
certificate. The current certificate issued on the 12th December 2017 details the uncertainty being at 
0.009m for Easting, 0.009m for Northing and 0.024m for elevation all at a 95% confidence using data 
recorded between the 3rd and 9th September 2017. See Appendix G for the full Regulation 13 Certificate.  
 
The event effecting the Beenleigh CORS was the discovery that a vine had grown over the antenna 
completely covering it. It is unknown when the vine first began affecting the station, but the removal 
of it occurred on the 9th of March 2016 between 0100am-0200am UTC (1100am-1200pm AEST). This 
event differs from other CORS discontinuities as the maintenance was conducted without interference 
to the operation of the station, meaning data was still being recorded continuously throughout the 
removal of the obstruction. The complete date range for data used is 2th March 2016 through 16th March 
2016. The other CORS selected and considered to be stable during this time period were Beaudesert 
BDST (Tier 3), Robina ROBI (Tier 3) and Woolloongabba WOOL (Tier 3). 
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3.3.2 Gatton SunPOZ (GATT) 
 
The SunPOZ CORS site located at Gatton otherwise identified by its four-character station code GATT, 
(or PM753323), has been operational since 11th March 2008. This station is a Tier 3 monument 
consisting of a threaded bolt on a steel mast, fixed to the steel frame of a building wall with Dynabolts. 
The station has also operated using only Trimble GNSS hardware for most of its operating life, though 
the receiver has recently been changed to a Septentrio due to an internal failure of the previous Trimble 
receiver. Figure 8 shows the mounting position of the antenna on the Department of Agriculture and 
Fisheries Research Centre. 
 
 
Figure 8 - Gatton (GATT) monumentation and installation location (LuckyL10n, 2019) 
 
GATT also forms part of the APREF and has been analysed by GA for its positional uncertainty. The 
Regulation 13 certificate states that at a 95% confidence using data from 3rd September 2017 through 
9th September 2017 that the uncertainty is 0.008m in Easting, 0.008m in Northing and 0.018m in 
elevation. See Appendix H for the full Regulation 13 Certificate of the Gatton CORS station. 
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On the 30th November 2016 the antenna was removed, cleaned and reoriented, with data recording 
stopped at 1200am UTC or 1000am AEST. This was performed with all equipment turned off due to 
the physical manipulation of the antenna, minimising data noise, and roll on effects to users and 
operators, such as poor positional solutions. Data used for analysis included 26th November 2016 
through 30th November 2016 for pre event investigation, however data used for post event examination 
where other stable sites were also available was not obtainable until 1st January 2017 through 5th January 
2017. During the period not able to be used this antenna located at Gatton was removed on 3rd December 
2016 due to destruction by lightning, and replaced with a new identical model antenna on 8th December 
2016.  
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3.3.3 Inverell CORSNet-NSW (INVL) 
 
Forming part of the greater CORSNet-NSW network the Inverell or INVL station, situated at the 
Inverell Shire Council Administration Centre, has been operational since 19th July 2012. This station is 
also classed as Tier 3 under ICSM SP1, consisting of a stainless-steel mast mounted to a building. 
Throughout its operational life thus far the station has only utilised Trimble GNSS equipment. Figure 
9 shows the mounting location and monumentation of this station at the Inverell Shire Council. 
 
 
Figure 9 - Inverell (INVL) monumentation and installation location (Geono, 2013) 
 
Again, as INVL is a permanently operating station of sufficient quality it is included in the APREF, 
which provides the benefit of being analysed and provided with a Regulation 13 certificate by GA. 
Using data captured between 5th November 2017 and 11th November 2017 GA determined that the 
station had uncertainty values of 0.008m in Easting 0.008m in Northing and 0.021m in Elevation, see 
Appendix I for the Regulation 13 Certificate of this station. 
 
Inverell experienced a change of antenna on the 12th May 2016, where the previous Trimble TRM59800 
was removed and replaced by the current Trimble TRM57971. Recording of data was stopped at 
1200am UTC (1000am AEST 12/05/2016), it was then recommenced at 1124pm UTC (0924am AEST 
Page | 29  
Joshua Egan ERP2019  
13/05/2016), however there is then an unknown data gap following the restart between 1200am UTC 
and 1225am UTC (1000am and 1025am AEST) on the 13th May 2016. Data used for analysis in this 
dissertation was from 4th May 2016 through 18th May 2016 inclusive, giving a total of 14 continuous 
days with the interruption occurring approximately half way through this series. 
 
3.3.4 Mitchell Australian Regional GNSS Network (MCHL) 
 
The Mitchell CORS station is located in the Maranoa Region of South Western Queensland, 
approximately 22km from the township of Mitchell. Forming part of the greater ARGN (Australian 
Regional GNSS Network), and APREF this CORS site has been operational since 9th April 2014, and 
is currently classified as a Tier 2 monument. Figure 10 shows the concrete pillar monumentation of this 
station, the general locality of the site provides very little possibility of interference due to its 
remoteness. The antenna is attached to the pillar by a threaded spigot on a stainless-steel plate, with the 
reinforced concrete pillar then attached to bedrock. 
 
 
Figure 10 - Mitchell (MCHL) monumentation and installation location (Geoscience Australia, 2019) 
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As part of the ARGN network this station provides data which supports precise measurement such as 
crustal deformation and is also used in the creation of datum and reference geoids by GA. The ARGN 
network also provides data to the IGS for the creation of global reference frames. Using data collected 
between 3rd September 2017 to 9th September 2017 GA has performed a Regulation 13 certificate. The 
resulting uncertainty of measurement was found to be 0.007m in Easting, 0.007m in Northing and 
0.016m in elevation, Appendix J shows the full Regulation 13 Certificate for this station. 
 
Mitchell CORS station experienced a change of antenna occurring on the 4th April 2016, between the 
time of 0200am UTC and 0332am UTC (1200pm – 1330pm AEST). The antenna was replaced with an 
identical model Trimble TRM59800, along with a new cable connection to the receiver. Again, during 
this time period, the station was completely shut down to reduce the possibility of any false data being 
recorded. The data received for analysis of this site was for a continuous period from 27th March 2016 
through to 11th April 2016.  
 
3.3.5 Weipa Australia Bureau of Meteorology (WEIP) 
 
Located in the small mining town of Weipa the CORS station known by its station code WEIP was 
installed on the 13th October 2009 by the Australian Bureau of Meteorology (BOM) for their Space 
Weather Services at the time known as IPS. The monumentation of the station is a steel pole attached 
to a building roof, located on the outskirts of the Weipa Airport. This station since installation has 
utilised NovAtel equipment, which is unusual as most CORS within Australia normally utilise more 
popular brands. 
 
The WEIP site log indicates that it was included in the APREF at one point in time, later being changed 
to the International Earth Rotation and Reference System Service (IERS), who provide data and 
standards relating to Earth’s rotation and reference frames such as ITRF. Although included in these 
campaigns, at the time of writing this dissertation access to a current Regulation 13 certificate was not 
able to be achieved, and therefore a positional uncertainty calculated by GA was not available. 
 
Occurring on the 6th – 7th March 2013 the antenna of the site was removed and replaced, the works 
commenced at 1010pm UTC and concluded at 0121am UTC (the following day), in local time 0810am 
– 1121am AEST. The original NovAtel NOV702GG was replaced by a NovAtel NOV703GGG, with 
no changes being made to any other components at that time. 
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3.4 Software 
 
To enable both post processing of data and also time series analysis computer software was utilised, 
namely Magnet Tools. Magnet Tools is capable of post processing GNSS data to provide the 
coordinates of CORS stations for any datasets which are imported. Magnet Tools is also able to provide 
a higher level of analysis, where the user is able to plot numerous variables from the raw data in a 
graphic format, similar to the high-level Bernese software. Training for software use was also 
undertaken before initial analysis, so that any errors caused by incorrect use were minimised. A 
Microsoft Windows based computer of sufficient specification was used to run software. 
 
3.5 Data Formats 
 
The data utilised for analysis for this dissertation consisted of multiple file types and formats. The first 
and most important being RINEX observation files (Receiver Independent Exchange Format), which is 
the raw received data recorded by the CORS sites. Due to the time frame of events RINEXv2 was used 
to ensure consistency between different stations. The second type of file utilised were the broadcast 
ephemeris files also in RINEX, however only containing either GPS or GLONASS navigation 
information broadcast by the satellite vehicles. The third type of file utilised was the precise navigation 
and precise clock correction files provided by IGS, these too were also in RINEX format. Although all 
GNSS receivers record data to brand specific formats natively, most if not all CORS within Australia 
also produce RINEX files to ensure cross compatibility. All data used within this dissertation was 
sourced from GA via DNRME, and was all of 30 second epochs.  
 
3.6 Discontinuity Detection 
 
As stated in the literature review most, CORS data discontinuities are found through manual analysis, 
and this is not only true within Australia but also globally. For the simple reason of limited time, data 
was manually inspected for any irregularities. Through the use of software discussed previously, 
numerous plots were formed, were analysis of any present trends was possible. The position of CORS 
was also plotted in comparison to the coordinates stated on Regulation 13 Certificates to understand if 
acceptable data is being provided to consumers. If stations did not have a Regulation 13 Certificate 
available, the current processed location provided by GA was used. 
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3.7 CORS Stability Analysis 
 
Investigation into the stability of different monument types within Australia was conducted in a limited 
form. This was performed by processing multiple datasets from CORS sites which implement the same 
basic monument design, so that an estimated stability was able to be formulated for each style. For the 
purpose of this project and time constraints, this was only investigated for Tier 3 stations, however this 
is likely to be of most value due to the large portion of monuments that form CORS networks in 
Australia being of Tier 3 standard. 
 
The stability analysis of subject sites was achieved by performing GPS+ post processing in Magnet 
Tools. Through the use of the sites considered to be stable during the discontinuity events at the subject 
locations, a positional uncertainty was able to be calculated by software for both pre and post event 
analysis. As discussed in the literature review ICSM currently only allocates CORS stations into three 
broad categories (tiers), it is therefore vital to understand the true quality of each monumentation style, 
how it is applicable to its tier of quality, and also how this may affect the network as a whole. 
 
3.8 Processing Technique & Outputs 
 
Initially all of the data provided by the external source was screened, ensuring that all of the required 
files had been included, such as broadcast ephemeris and also the precise orbit and clock corrections. 
All files were imported into Magnet Tools using the occupation view to ensure the data did include 
continuous data streams, as this is fundamental to temporal series analysis.  
 
3.8.1 Merging Data 
 
Using Magnet Tools multiple days were merged into a single session, this was no issue as all data was 
contiguous for both the pre and post event data at all stations. In effect the merging of data formed a 
single continuous observation sections of data for each CORS station individually as seen in Figure 11, 
this was done for both pre and post event data as two separate files to allow comparison during analysis. 
 
Figure 11 - Merging data, Magnet Tools 
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Once merged each station was then expanded to view the satellite vehicles being recorded as in Figure 
12. This was solely used as a check to again ensure data was not corrupted during the merge, it also 
shows that data previously separated by the file starting a new day was merged into a continuous 
recording. 
 
3.8.2 Raw Data Plot 
 
After the data for all CORS sites, both subject and stable, had been checked the Raw Data Plot function 
was used to produce numerous graphs, with differing variables. Magnet Tools allows numerous 
combinations of variables to be selected for display along both the X and Y axis of the graphs produced. 
Based on the information found in the literature review, and also expert input, the most useful data to 
plot is temporal, for this reason all graphs produced had time as their X axis.  
 
The Y axis however, allows for numerous different temporal plots to be produced using the imported 
data. Tools has in excess of 20 pages of possible products able to be plotted in its help guide, see 
Appendix K for an excerpt. For this particular investigation however, the focus was detection of 
discontinuity and therefore focused on signal specific variables. Plots were only produced initially for 
the subject sites which experienced errors or interruptions, however if any notable finding was made, 
the stable stations were then checked to confirm if the identified matter was only at the subject site or 
occurring network wide. 
 
3.8.3 Post Processing 
 
Post processing was also performed using Magnet Tools. Labelled within the software as GPS+ Post 
Processing, it enabled the calculation of the position of the station and its uncertainty, through the use 
of the stable CORS sites. The stable sites were set as both horizontal and vertical control, while the 
subject stations were left unconstrained so as to obtain their true quality at the time of discontinuity 
occurring. 
Figure 12 - Beenleigh CORS, Occupation View expanded, Magnet Tools 
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The analysis of all data received was performed to determine if the detection of discontinuities is 
possible through the use of commercial software. The discontinuities were also be analysed to 
understand if the instance or any resulting effects are able to be determined solely through the 
examination of data within commercial software. The positional stability of CORS sites were also be 
investigated to see if the determination of monument specific uncertainty is able to be achieved. Data 
was processed using Topcon Magnet Tools, utilising both its Raw Data Plot functionality and also its 
GNSS post processing capability. All resulting outputs from software were manually analysed, taking 
into consideration the findings of the literature review and also industry expert input and advice. 
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This chapter of the report aims to account all of the data outputs and analysis completed from the five 
subject CORS sites outlined in Chapter 3 – Methodology. Analysis of the data and temporal plots 
produced involved reviewing all products produced as they were created on a case by case basis. 
Numerous checks were also performed during processing which will be outlined in this chapter as to 
when and why they were completed. Further discussion of the findings within this chapter will be 
completed in later chapters of this report. The plots shown in this chapter are not the full sample 
produced due to the sheer volume, only those of significance have been shown to allow an 
understanding of what occurred to the data in each case. 
 
4.2 Analysis of Discontinuities 
 
As discussed in the previous chapter, each subject CORS site was investigated on a case by case basis, 
with analysis being performed using Magnet Tools. The initial and primary focus of this research was 
to determine if the detection of discontinuities was able to occur through the use of commercial 
software, and without significant expert knowledge.  
 
The following sections will detail the investigation into each CORS station, and also a provide 
preliminary analysis of the results found as a result of products produced by software. If any anomalies 
were identified then the data of the stable stations of the same time period were also analysed. This 
enabled the identification of discontinuities between the wider network and the subject CORS sites. 
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4.2.1 Weipa (WEIP) 
 
Weipa was the first CORS site investigated, this was simply due to the fact of being to oldest 
discontinuity and dataset of the subject locations. Figure 13 shows the initial data importation for the 
Weipa station, where it was immediately obvious that a discontinuity may have occurred due to the 
large 1 hour 11 minute gap in the data was visible. 
 
The first temporal plot produced for Weipa was PDOP (Positional Dilution of Precision) which shows 
the three-dimensional quality of a stations position, where anything under a PDOP of 5 is considered to 
be of good quality. Figure 14 shows the PDOP plot for pre event, while Figure 15 shows the PDOP for 
post event. Within magnet tools PDOP is classed under the “Observable” category when producing a 
Raw Data Plot. 
 
Although on different scales it can be clearly seen that in Figure 14 there is a large spike in PDOP 
briefly before the change of antenna occurred, while it retains a consistent cyclic pattern in Figure 15. 
 
 
Figure 14 - Weipa pre event PDOP 
 
Figure 13 - Weipa Occupation View 
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Figure 15 - Weipa post event PDOP 
 
The second Y axis variable plotted was Azimuth classed under the “Satellite” category, which shows 
the Satellite azimuth in degrees from the antenna. Figure 16 shows an example of the graph produced 
when plotting the azimuth at Weipa pre event for GPS satellites 1, 2, 3, 4 & 5. Due to the sheer volume 
of GNSS satellites available and recorded in CORS data, only five were plotted on each graph so that 
manual investigation was possible with no illegible graphs being produced.  
 
The plotting of satellite azimuth was then repeated, utilising however the post event data as seen in 
Figure 17. 
Figure 16 - Weipa pre event azimuth GPS 1-5 
Figure 17 - Weipa post event azimuth GPS 1-5 
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Although of a shorter temporal set and not clearly visible, it was apparent that satellites were passing 
the 0° azimuth of the antenna (antenna north) approximately 33 minutes and 25 seconds earlier than pre 
discontinuity event.  
 
The third plot produced for the Weipa CORS station was the Signal to Noise Ratio (SNR), this plot 
shows the quality of signal being received by the station, where a high value equates to a better signal. 
Figure 18 shows pre event SNR, while Figure 19 shows this for post event, although not clearly visible 
a small increase (of approximately 2) in SNR did occur after the change of antenna. 
 
Figure 18 - Weipa pre event SNR 
 
 
Figure 19 - Weipa post event SNR 
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4.2.2 Mitchell (MCHL) 
 
Again, the first temporal plots produced for the Mitchell CORS station were the PDOP for both pre and 
post event data. Figure 20 shows the pre event PDOP where unusual activity can be seen at the start of 
the week leading up to the change of antenna. In Figure 21 showing the post event PDOP there is also 
another spike visible, occurring approximately three days after the works were completed. 
 
 
Figure 20 - Mitchell pre event PDOP 
 
 
Figure 21 - Mitchell post event PDP 
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The next temporal plot produced was the satellite azimuth, as previously identified only a limited 
number of satellite vehicles were plotted at any one time to reduce clutter on the graph and allow easier 
interpretation. For this station Figure 22 shows the pre event azimuths for GPS satellites 1, 2, 3, 5, & 6, 
with Figure 23 displaying these post event. 
 
 
Figure 22 - Mitchell pre event satellite azimuth 
 
 
Figure 23 - Mitchell post event satellite azimuth 
 
Similar to Weipa (the first station investigated), it was apparent that the new antenna installed was 
oriented differently to the original antenna. Although not clearly evident in Figure 22 and Figure 23, a 
small offset of 4 minutes had occurred between the new and old antenna, with satellites passing antenna 
north earlier in the day. 
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4.2.3 Inverell (INVL) 
 
As with the first two stations analysed, Inverell also experienced discontinuities when it experienced 
the change of antenna. After the importation of data into Magnet Tools it was clearly evident an event 
had occurred at the station, as seen in Figure 24 a very large data gap was present.  
Following this identification, the first plots to produce any identifiable difference were the satellite 
azimuths. Figure 25 and Figure 26 show the pre and post event azimuths for GPS 1 through 6, where it 
was once again found that the new antenna was oriented differently to its predecessor. This CORS 
station experienced a reverse shift in passing time of 32 minutes, with satellites again passing antenna 
north earlier post event. 
 
Figure 25 - Inverell pre event satellite azimuth 
 
Figure 26 - Inverell post event satellite azimuth 
Figure 24 - Inverell occupation view 
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Figure 27 and Figure 28 show the temporal plots of the Signal to Noise Ratio for Inverell both pre and 
post event respectively. Before the change of antenna occurred, the SNR averaged approximately 55:1, 
while afterwards it can be seen that this decreased to approximately 50:1. 
 
 
Figure 27 - Inverell pre event SNR 
 
 
Figure 28 - Inverell post event SNR 
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4.2.4 Gatton (GATT) 
 
The next station to be analysed was Gatton, as discussed in Chapter 3 – Methodology, it should be noted 
that although the particular event targeted at Gatton was the cleaning of antenna, due to data availability 
the antenna was completely changed before suitable data was available for post event analysis. For this 
reason, the identification of a ‘data gap’ did not occur due to a large one being induced by data 
availability of stable CORS stations. 
 
Plotting the azimuth at this station resulted in graphs such as Figure 29 (pre event) and Figure 30 (post 
event). Comparison of these plots within Magnet Tools showed that there was a significant shift in the 
north orientation of the antenna, with a total time difference of 2 hours 26 minutes, satellites passed 
antenna north much earlier post event. Given that GPS satellites are on average visible for around 6 




Figure 29 - Gatton pre event satellite azimuth 
 
 
Figure 30 - Gatton post event satellite azimuth 
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Plotting of GLONAS azimuths displayed some unusual characteristics, Figure 31 shows this, where it 
can be seen that the satellites could be considered to converge for a period of almost 24 hours. After 
this period however they seem to instantaneously return to normal behaviour. 
 
Figure 31 - Gatton IGS GLONASS convergence 
 
Plotting of the stable CORS stations, Toowoomba, Toowoomba 1 and Woolloongabba showed that this 
phenomenon was occurring network wide. Reverting the addition of the precise navigation files sourced 
from IGS rectified this unusual occurrence, simply by using only the broadcast ephemeris. This finding 
will be analysed further in the discussion. 
 
4.2.5 Beenleigh (BEE2) 
 
The final CORS investigated was Beenleigh, this station as expected showed some of the more 
interesting results in this project. The first notable finding identified at this site was the lack of a data 
gap being present when the event occurred. Figure 32 shows the full satellite tracking plot, where it can 
be seen that data was recorded throughout the event. 
 
 
Figure 32 - Beenleigh occupation view 
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As with previous stations the satellite azimuths were plotted for both pre and post event comparison, 
shown in Figure 33 and Figure 34 respectively for GPS 1, 2, 3, 5, & 6. It can be clearly seen that there 
was some unusual activity occurring and therefore the stable sites were also plotted. Similar to Gatton 
this anomaly was found at all stations and determined to be the precise navigation files from the IGS, 
and affecting only GPS satellites, with no such effect on GLONASS. 
 
 
Figure 33 - Beenleigh satellite azimuth, IGS GPS convergence 
 
 
Figure 34 - Beenleigh satellite azimuth, IGS GPS convergence 
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This error was also detected through the plotting of Beenleigh’s PDOP, Figure 35 and Figure 36 show 
this, where the large spikes align with the IGS precise navigation file failure. 
 
 
Figure 35 - Beenleigh pre event PDOP 
 
 
Figure 36 - Beenleigh post event PDOP 
 
After changing the navigation files to the broadcast ephemeris, the PDOP was again plotted, Figure 37 
shows this for the full time series. Clearly visible in the centre of the temporal plot is a large spike in 
the PDOP, this aligns perfectly with the time of cleaning of the antenna occurring. 
 
 
Figure 37 - Beenleigh PDOP whole dataset 
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The final temporal plot showing any significant occurrence of discontinuity was the Signal to Noise 
Ratio. Figure 38 shows the SNR for Beenleigh (all channels) where a significant improvement can be 
identified after the event. The instantaneous improvement after the cleaning event resulted in a change 
of SNR peaks from approximately 48:1 up to 54:1 on average, with some of the weaker signals 
experiencing even better improvement. 
 
 




4.3 CORS Station Displacement & Positional Uncertainty 
 
As outlined in Chapter 3 – Methodology the stability of the subject CORS sites was also investigated. 
This was completed by performing post processing within Magnet Tools to allow of comparison of the 
positional uncertainty for both pre and post event. This processing also identified any movement of the 
stations recorded position through the comparison of calculated station coordinates for pre and post 
event data. Sections 4.3.1 through 4.3.10 (inclusive) show the subject CORS station coordinates, 
standard deviations, and error ellipses, all at a 95% confidence level for both pre and post event. These 
station coordinates do not have links to the Regulation 13 coordinates calculated by GA, these are solely 
calculated by Magnet Tools using the stable stations as reference in an unconstrained network 
adjustment. The coordinates were compared with those found on certificates (or online for Weipa) to 
ensure processing was not having adverse effects on the data. 
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4.3.1 Weipa Pre-Event 
 
 
4.3.2 Weipa Post-Event 
 
 
4.3.3 Mitchell Pre-Event 
 
 
4.3.4 Mitchell Post-Event 
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4.3.5 Inverell Pre-Event 
 
 
4.3.6 Inverell Post-Event 
 
 
4.3.7 Gatton Pre-Event 
 
 
4.3.8 Gatton Post-Event 
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4.3.9 Beenleigh Pre-Event 
 
 








As seen throughout this chapter, numerous findings were able to be achieved through the use of Magnet 
Tools for all of the subject CORS stations investigated. Although varying, the results show that it is 
possible to not only detect discontinuities in CORS data using commercial software, but also the ability 
to determine some of the possible occurrences at individual sites through comparison of data both pre 
and post event. 
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This chapter of the report aims to discuss and further explain the results documented in Chapter 4, which 
were formed through the manual analysis of CORS sites data using Magnet Tools.  
 
Interpretation of the results from both the detection of discontinuities and also stability analysis will 
form a major part of this chapter. The suitability of utilising commercial software for the analysis of 




Viewing the results presented in Chapter 4, it is clearly evident that CORS in a greater sense are 
overwhelmingly affected by changes to their installation or operation. This once again reinforces that 
not only is it important for network operators to investigate any irregularities they detect, but for 
consumers of products which utilise the network to understand the inherent risks and possibilities of 




As per the Weipa results it was clearly identifiable that the change of antenna occurring at the station 
did have an effect on the data recorded. Although the recording of data was stopped during the event, 
it was still evident that some aspect of the station had changed when comparing pre and post event data. 
The PDOP plots produced show that briefly before the antenna was changed there was interference, 
seen as the large spike. The satellite azimuth plots show the new antenna was installed at a different 
orientation to the previous antenna, while the SNR plots show an improvement likely due to moving to 
a new model of antenna. Post processing of Weipa shows that the station did experience displacement 
of its position, while the sites positional uncertainty remained fairly stable, the calculated coordinates 




The results produced for the Mitchell site also clearly displayed that changes had occurred to the 
antenna. The PDOP pre event data shows where the antenna was malfunctioning, producing unusual 
spikes in the plot, while post data shows the PDOP is much more cyclic and consistent, with the 
exception of one unknown spike. The satellite azimuth plots show that the orientation of the new 
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antenna was different to one previously installed, only by a very small amount though. The post 
processing and positional uncertainty results show a displacement of position of 0.251m Easting, 
0.119m Northing and 0.445m in height, while the PU remained stable both pre and post event. Classed 




As with Weipa and Mitchell, the data analysed from Inverell also identified that changes were apparent 
in the data being recorded. This site displayed the largest data gap of all sites investigated which had 
continuous data available, with almost a full 24 hours of data missing. The satellite azimuth plots again 
identified a rotation of the new antenna when compared to pre event data, while the SNR showed a 
small deterioration in the quality of signal being received. This reduction in signal quality is likely due 
to the downgrade of antenna model. Post processing results show a change in station coordinates of 
0.027m Easting, 0.075m Northing and 0.006m in elevation, with the stations PU again remaining stable 




Similar to the first three stations investigated, data for the Gatton site also exhibited that changes had 
occurred, affecting the data being recorded. The temporal satellite azimuth plots showed an unusually 
large change in antenna orientation of approximately 150°, which presents the question of how this 
could possibly occur. During processing it was also found that the IGS precise navigation files contained 
an unexplainable error, which impacted all GLONASS satellites data. This error caused the recorded 
satellite azimuth to converge, or stagnate for close to 24 hours. Gatton also experienced a displacement 
in processed position between pre and post event data equalling 0.411m in Easting, 0.168m in Northing 
and 0.456m in height 
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5.2.5 Beenleigh 
 
The analysis of data from the Beenleigh site showed several interesting results, along with some 
similarities to the other stations investigates. The first notable finding was that data recording was 
continuous throughout the cleaning event, meaning no data gap was present. Unlike the other sites 
Beenleigh did not experience any change in orientation, however it was again found that the IGS precise 
navigation files had errors, this time however it was seen to be affecting GPS satellites only.  
 
The identification of this IGS file error was also evident in preliminary PDOP plots where large spikes 
are seen during the period of failure affecting the recorded data. After the removal of these files, it is 
clearly visible in the PDOP plot as to when the cleaning took place. The SNR also shows a significant 
jump after the cleaning of antenna. Like others, this station coordinate location was also displaced by 





5.3.1 Antenna Orientation 
 
As seen in the results, three of the five CORS stations investigated all yielded very similar results when 
comparing the similarities in temporal plots produced. Weipa, Mitchell and Inverell all experienced a 
full change of antenna, and this is believed to be the reason for the resulting similarities. All three of 
these sites exhibited a data gap at the time of event, noticeable alterations to their PDOP, and also more 
interestingly a change in antenna orientation azimuth between those removed and the new units 
installed. Gatton presented a similar situation, however with much more noticeable differences, while 
Beenleigh was different situation all together. Both Gatton and Beenleigh also experienced some 
unexpected findings related to the IGS navigation files. 
 
Basic calculations taking into account the total time of visibility for satellites allows for an approximate 
rotation of an antenna to be calculated. Mitchell had the smallest change detected out of all stations 
analysed, with a total azimuth shift of 4 minutes, which equates to approximately 4°-5°. Inverell and 
Weipa however experienced slightly greater shifts in azimuth, both of which indicate a change of 
antenna orientation in the region of 25° to 35°. The most notable change in orientation however was 
found at the Gatton CORS station, with an approximate rotation of 150° anticlockwise.  
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5.3.2 IGS Precise Navigation Failure 
 
As previously noted, some problems were also identified in relation to the IGS precise navigation files. 
Initially these files were taken (as provided) for their normal worth, as being the best option in terms of 
correcting all satellite navigation and clock errors. As discussed in results, however this was not the 
case with two situations arising where the precise files failed, leading to the convergence of both GPS 
and GLONASS separately at two different CORS sites, Figure 39 shows an example of Beenleigh. 
After being identified, the stable sites for each station were also investigated as documented in Chapter 
3 – Methodology, to see if this was occurring at only the subject sites or network wide. It was found on 
both occasions that this was occurring network wide, and when files were returned to utilise the 
broadcast ephemeris everything returned to normal. This finding not only affects CORS, but anybody 
who may utilise precise navigation files from the IGS for any reason, must ensure they are not 
deteriorating the data they are being used for. 
 
 
Figure 39 - Beenleigh full temporal plot IGS navigation file error 
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5.3.3 Signal to Noise Ratio  
 
The third most notable finding in this investigation was the changes in the Signal to Noise Ratio at 
Weipa, Inverell, and Beenleigh. Weipa and Inverell could be seen as similar circumstances, however 
with changes occurring opposite to one another. Weipa, although very small did experience an increase 
in SNR, while Inverell saw a decrease in SNR when comparing pre and post event temporal data. Upon 
investigates the respective site logs it was determined that these changes were likely due to the change 
of antennas occurring. Weipa possibly experienced an improvement in SNR after the change due to 
changing to a newer antenna model (NavAtel NOV702GG to a NovAtel NOV703GGG). Whereas 
Inverell’s antenna change was a downgrade in quality moving from a high accuracy choke ring antenna 
back to a standard geodetic quality antenna (Trimble TRM59800 to a Trimble TRM57971). 
 
The most unusual case again was Beenleigh, where the results how an instantaneous improvement in 
signal quality after the antenna was cleaned. As stated in the methodology nothing apart from the 
removal of a vine and antenna cleaning had occurred at this station. After the identification of this 
anomaly the source from DNRME provided some context in the form of images as seen in Figure 40, 
and Figure 41, along with Figure 42 showing the antenna after cleaning. After reviewing these images, 
the fact that the station was receiving a signal as strong as it was pre removal of the vegetation is utterly 
astounding. The findings at this station alone display the importance of continual monitoring and 
inspection of CORS station data, with the discovery of the vine only being achieved once personnel 
were on site. 
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Figure 41 - Beenleigh vegetation found (Burns, 2019) 
Figure 40 - Beenleigh vegetation removal (Burns, 2019) 
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Figure 42 - Beenleigh after vegetation removal (Burns, 2019) 
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5.3.4 Positional Quality of Stations 
 
Given the processed coordinates from the Magnet Tools unconstrained processing of all stations for 
both pre and post event data, a comparison of these shows that all stations were displaced from their 
position after the occurrence of events. Looking at the Tier 3 stations specifically it can clearly be seen 
that all of the stations have differing displacement and positional uncertainty. For this reason, it was 
determined that the possibility of applying an uncertainty to particular monumentation styles is not 






The findings related to antenna orientation are not only interesting, but also fail to meet ICSM’s 
minimum requirements for the operation of a CORS station. Within the Guideline to CORS Operation 
it is stated that antenna north must be aligned within ±5° of true north, this gives a movement window 
of 10° total, of which three of five stations well exceed. These findings can be supported through the 
confirmation of the severity of rotation at the Gatton station. Once the rotation was identified the contact 
from the DNRME supplied the documented site log, which states an orientation change of 150° was 
performed at the time of antenna cleaning. 
 
The other identified variations in CORS data including changes in SNR, data gaps, unusual PDOP 
activity and IGS precise navigation file failure are all easily detectable. A simple visual inspection of 
data from operating stations on a regular basis could possibly allow early detection of any anomalous 
occurrences well before the compromise of equipment. Operators could use regular inspections of all 
elements of data recorded, comparing new data to historic to ensure stations are operating as they 
should, and no significant changes are occurring without their knowledge. The inspection of CORS data 
may also prove useful for regulators such as GA to ensure all stations are operating in accordance with 
the guidelines. 
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The aim of this investigation was to determine if any changes or alterations made to a CORS site, be it 
the antenna, receiver or other made any impact on the data being recorded. The possibility of automating 
the detection of discontinuities was briefly analysed to see if it was at all feasible with the research 
conducted.  It also aimed to determine if a positional quality was able to be applied to individual 
monumentation styles, rather than using broad tier classification. This chapter summarises all findings 




CORS stations as a whole are invaluable tools, not only for the spatial industry but also numerous 
others, with their uses likely only to expand in the near future as technology continues to evolve at a 
rapid rate. The primary aim of this research to determine if discontinuities relating to the change of 
GNSS equipment were able to be identified within CORS data, and to formulate any findings able to 
be achieved solely through the interrogation of data. With regards to the five stations investigated, 
although not all received a complete change of equipment, it was found that the identification of 
discontinuities was possible through the use of several different outputs within commercial software. 
 
In conducting the literature review for this project, it was found that only a limited number of papers 
exist relating specifically to discontinuities in CORS, those that were found were used in the overall 
formation of the methodology and analysis techniques used. The findings made through the analysis of 
CORS data received from the DNRME shows that it is viable to perform processing, which outputs 
products capable of supporting the identification and analysis of discontinuities. Post processing 
performed on the data also showed that the application of uncertainty values to styles of monumentation 
was not feasible through the findings of this project, where it was seen that each station experienced 
different displacements of position, and also different positional uncertainty values. The findings within 
this research further expand the current literature available relating to CORS discontinuities, however 
there are numerous opportunities for further investigation into more finite subjects within this broad 
topic. 
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6.3 Future Research 
 
In regards to possible future research which may be conducted, this project has barely scratched the 
surface of topics relating to CORS discontinuities. The following are some of the more viable areas, 
which may have impact on the operation of CORS stations and CORS data analysis. 
 
6.3.1 Comparison of Commercial Software  
 
One of the many potential projects would be to perform a comparative analysis between commercial 
survey software and scientific software. This would primarily relate to their ability to allow the detection 
of CORS discontinuities, followed by their quality of output. It would also be interesting to see of 
commercial software is capable of producing the same results as those derived from scientific software. 
As of current there are three major scientific suites which focus on CORS data including; Bernese, 
GIPSY-OASIS, and GAMIT / GLOBK, while the only commercial software which offers similar 
functionality is Topcon Magnet Tools. 
 
6.3.2 Automation of Discontinuity Detection 
 
A second area of research, that would likely prove very beneficial if completed successfully is the 
automation of CORS discontinuity detection. If the production of an automated 24/7 analysis tool, 
which monitored CORS data could identify any problems or potential problems, this would alleviate 
network operators from the weight of manual analysis currently performed. Once implemented as a 
basic system, the investigation could then move to determining if it is at all possible to notify network 
operators of problems before they result in complete failures. An example of this could have been a 
‘flag’ to operators saying something is happening at Beenleigh, allowing them to discover the 
vegetation growth well before the regular site visit. 
 
 
6.3.3 Possibility of Updating Regulations and Guidelines 
 
Another possible area of research and investigation would be to consider the appropriateness of 
updating the current regulations and guidelines. Assessing the possibility of network operators 
performing regular remote checks on CORS stations may be invaluable in regards to the early detection 
of arising or already occurring issues. Based on the ease of findings relating to CORS discontinuities 
within this project, it would be recommended that governing bodies create and implement a 
standardised method of data analysis. 
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6.4 Summary 
 
In conclusion, this research project found that it is not only possible to detect discontinuities within 
CORS data, but to also identify specific elements relating to the discontinuities. The ease of 
identification of different aspects within data shows that network operators and regulators alike should 
be able to implement methods of automation for the detection of anomalies within CORS data. The 
ability to perform remote monitoring of CORS sites through the analysis of data would likely greatly 
improve the probability of detecting problems before they become catastrophic. This project also 
continues to open up possible areas of further research relating to the general operation and monitoring 
of CORS within Australia and globally. 
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Appendix 
A – Project Specification 
For:  Joshua Egan 
Title:  Detection and analysis of disruption or discontinuities to continuously operating 
reference station (CORS) sites and the data they provide. 
Major:  Surveying 
Supervisor: Chris McAlister 
Enrolment: ENG4111 – ONC S1 2019 
  ENG4112 – ONC S2 2019 
Project Aim: To determine if a change of equipment or even a change of the firmware installed 
onboard the equipment and the style of station construction is capable of displacing the 
position recorded of CORS stations. 
Programme: Issue A, 18th March 2019 
 
1. Research literature relating to the setup and continual operations of CORS networks, focusing 
on any effects which may induce errors to the data recorded. 
 
2. Locate and retrieve data from available sources, while also learning how to use appropriate 
software for analysis. Quality Assurance will be performed on the data received to ensure its 
suitability for this research project. 
 
3. Using the literature researched, develop criteria of assessment to allow for analysis of data to 
determine if any disruption to stations has occurred. 
 
4. Perform reconnaissance and retrieve data relating to the construction of selected CORS sites, 
to allow determination of the effect the style of construction has on the accuracy of data 
recorded. 
 
5. Analyse and evaluate different methods of data processing with respect to criteria to select the 
most appropriate method for data analysis. 
 
6. Use CORS data retrieved from external sources to perform full analysis of different CORS 
locations using the selected method and criteria.   
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B – ICSM SP1 Guideline for CORS v2.1 summary. 
 
 
Recommendation Tier 1 Tier 2 Tier 3 
Foundation: 
Bedrock or mass concrete base ■ ■ □ 
Competent rock through layers of soil or fractured rock ■ ■ □ 
Mounted on buildings or similar structures X X ■ 
Monumentation: 
Reinforced concrete pillar ■ ■ □ 
Stainless steel or galvanised mild steel mounts attached to 
building or concrete plinth 
X X ■ 
Interference: 
Minimum sky obstruction ■ ■ ■ 
Minimise multipath sources ■ ■ ■ 
Long-term site tenure ■ ■ ■ 
Power: 
Ensure continuous operation of GNSS receiver ■ ■ ■ 
Ensure continuous operation of all communications 
devices 
□ □ ■ 
Communication: 
Support remote control and data access ■ ■ ■ 
Reliable and continuous, with a latency of less than 2 
seconds from CORS to end user (when used for real-time 
positioning applications) 
■ ■ ■ 
Receiver: 
Dual frequency code and carrier phase tracking ■ ■ ■ 
Continuous logging of raw GNSS data ■ ■ ■ 
Ability to store at least 60 days of raw data ■ ■ □ 
Ability to store at least 30 days of raw data X X ■ 
Continuous raw data streaming, RTCM at 1Hz □ □ ■ 
Antenna: 
Choke ring antenna  ■ ■ □ 
Individually calibrated absolute antenna phase centre ■ ■ □ 
IGS calibrated absolute antenna phase centre ■ ■ ■ 
Weather Station: 
Pressure measurement accuracy better than ± 0.5 hPa ■ ■ □ 
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Temperature measurement accuracy better than ± 1° C ■ ■ □ 
Relative Humidity measurement to better than ± 2% ■ ■ □ 
Coordination: 
Coordinates in national geodetic datum, derived by 
national processing centre through Regulation 13 
Certification 
■ ■ ■ 
Site Monitoring: 
Continuous monitoring with IGS sites ■ ■ N/A 
Periodic high precision, local monitoring survey ■ ■ □ 
Continuous monitoring within CORS network □ □ ■ 
Data Format: 
Raw Proprietary format for archiving ■ ■ ■ 
RINEX for post-processing ■ ■ ■ 
RTCM for real-time applications □ □ ■ 
Reliability: 
Require complete, continuous time series dataset for 
post-processing 
■ ■ □ 
Short communication outages tolerated ■ ■ X 
Ensure continuous stream of data to support real-time 
positioning services 
□ □ ■ 
Metadata: 
Complete and current IGS site log including DOMES 
number 
■ ■ □ 
Readily available site metadata ■ ■ ■ 
Legend 
■ Strongly Recommended X Not Recommended 
□ Recommended N/A Not Applicable 
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C – ICSM SP1 Guideline for CORS v2.1 Receiver Requirements 
 
 
Component Recommended Minimum Capability 
Signal Tracking • 12 channels per frequency per system tracked 
• Records all available carrier phase, pseudo-range, Doppler, and 
Signal-to-Noise Ratio (SNR) per tracked frequency 
• Ideally simultaneous GPS L2C and P2 tracking 
• Pseudo-range measurements should not be smoothed for RINEX 
• GPS and GLONASS tracking 
• Capability to observe future signals when available is an 
advantage 
• Receivers capable of tracking space-based augmentation services 
should have this function turned off 
Internet 
Communications 
• Dedicated Network (Ethernet) Port 
• Serial/USB port 
•    Static IP address 
•    HTTP/S interface 
•    ftp over Transfer Control Protocol (TCP) 
•    IP Configurable LAN/WAN connectivity 
Radio 
Communications  
• Radio output port capability (Tier 3 only) where required 
• 4,800 – 115,200 baud rate 
 
Power • Nominal 12 V DC input 
• Extended operational range between 10.5 and 28 V DC 
• Dual power inputs 
Inputs  • External Frequency (Tier 1 and 2) 
• Meteorological Sensor (Tier 1 and 2) 
Output • Current RTCM SC-104 at 1 Hz on multiple ports 
• NMEA-0183 
• Proprietary raw data streaming 
• Capable of streaming data to multiple locations 
• 1 Pulse Per Second (PPS) output (for timing applications) 
Logging • On-board continuous logging of raw unsmoothed data 
• On-board logging of data stored as 1 Hz hourly and 30 second 
daily RINEX files simultaneously 
• On-board logging of input sensor data 
Internal Memory • Capability to store at least 60 days (Tier 1 and 2) or 30 days (Tier 3) 
of raw and RINEX data on-board per the logging specification 
• Internal file memory management 
• USB storage devices may be used to extend the receivers logging 
capability 
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Environment • Operating Temperature of -40° C to +65° C 
• Dustproof/waterproof to IP67 
• Humidity MIL-STD 810F 
• Shock resistant to 1 m drop on hard surface 
Remote Control Settings • Full control of receiver functions via web based GUI including: 
• Data protocols and logging rates 
• Data transfers 
• Quality settings 
• Power cycling 
• General system management 
• Client access authentication 
• Firmware upgrades 
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Component Recommended Minimum Capability 
Antenna Type • Tier 1 and 2 sites shall have choke ring antennas, preferably 
with Dorne-Margolin elements. Dorne-Margolin elements are 
required at AuScope and ARGN sites. 
• Tier 3 CORS may use a choke ring or ground plane antenna. 
• Antenna satellite signal tracking capabilities should be matched 
with or exceed the capability of the GNSS receiver. 
Antenna Phase Centre 
(APC) Calibration 
• All Tier 1 and 2 CORS antennas shall have a valid IGS absolute 
antenna calibration (IGS, 2013a) or undergo individual antenna 
calibration. 
• An IGS antenna calibration is preferred for Tier 3 sites. NGS 
(2013) antenna calibration may be used at Tier 3 CORS with 
caution. 
• The source of the antenna calibration shall be noted in the 
station site log and metadata. 
Antenna Reference 
Point (ARP) 
• All antenna-offset measurements shall refer to the ARP. 
Radome • The use of antenna radomes is strongly discouraged. 
• If conditions require a radome, use a hemispherical 
radome/antenna combination with a valid absolute antenna 
calibration. 
• Do not remove radomes from existing sites unless antennas are 
replaced due to failure. 
• Conical radomes should not be used. 
Antenna Orientation • The antenna should be oriented to ±5° of True North. 
• If deflection from True North is greater than ±5° the actual 
alignment must be measured and recorded on the station site 
log and metadata. 
Environmental • Weatherproof and corrosion resistant. 
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Component Recommended Minimum Capability 
Cable Protection • Protect antenna cables from weather, pest and fire using suitable 
conduit. 
• Seal antenna cable connectors with self-amalgamating ultra-violet 
stable tape for protection against water infiltration and ultra-violet 
radiation. 
Cable Tension • Avoid tension in the antenna cable, particularly at the receiver and 
antenna interfaces. 
In-line Amplifiers • Avoid in-line amplifiers where possible. 
• If an in-line amplifier is used it should be noted in the station site log 
and metadata. 
Cable Splitters • Only use antenna splitters where a secondary receiver is connected 
or planned. 
• DC block the splitter to the secondary receiver. 
• Record splitters in the station site log and metadata. 
Lightning 
Protection 
• Include a grounded lightning protector in the antenna cable, 
especially in lightning prone areas. 
• In lightning prone areas, reduce the horizontal cable-run length to 
minimise the risk of signal induction from nearby lightning strikes. If 
this is not possible, fit the lightning arrestor toward the receiver end 
of the cable. 
Cable Type • Use an antenna cable type sufficient for the length of the intended 
cable run between antenna and receiver. The selected cables and 
components should have a total signal loss of less than 9 dB over 
the length of the cable run. 
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Subject Sites BEE2 GATT INVL MCHL WEIP
Stable Sites BDST TOO1 GLIN COOL TOW2
ROBI TOOW WARI EDSV
WOOL WOOL
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H – Gatton (GATT) Regulation 13 Certificate 
 
  
Page | 75  
Joshua Egan ERP2019  
 
  
Page | 76  
Joshua Egan ERP2019  
I – Inverell (INVL) Regulation 13 Certificate 
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J – Mitchell (MCHL) Regulation 13 Certificate 
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K – Topcon Magnet Tools, Raw Data Plot Manual 
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